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INTRODUCTION: 

Heterotopic  ossification  (HO)  is  a  pathological  condition  where  soft  tissues,  such  as 
muscles,  calcify.  Clinically,  there  are  several  fonns  of  HO.  Relevant  to  orthopaedic  traumatology 
is  HO  that  occurs  in  elbow  and  hip  |2^  as  a  complication  of  injury,  bum,  brain  injury  or  surgery 
[3,4, 5]  j|,lc  prevaience  of  HO  in  wartime  extremity  injuries,  particularly  after  amputation,  is  as 
high  as  64%  7\  HO  can  be  painful  and  impair  the  motions  and  functions  of  prostheses  and  the 

affected  extremities  Prophylactic  radiation  and  medications  such  as  nonsteroidal  anti¬ 
inflammatory  drugs  (NSAIDs)  are  effective  '■9’ 10, 1  but  these  measures  are  not  without  serious 
side-effects  and  may  be  impractical  for  wartime  injuries. 

Effective  treatments  and  prevention  must  precisely  target  at  HO  pathogenesis,  which  has 
not  been  fully  revealed.  A  few  clinical  conditions,  however,  have  been  linked  to  the  development 
of  HO.  HO  gained  attention  of  orthopaedic  surgery  largely  as  a  complication  of  hip  arthroplasty, 
which  became  a  common  procedure  decades  ago  1  n\  Among  the  risk  and  predisposing  factors 
summarized  from  clinical  data,  spreading  bone  marrow  to  the  surgical  field  during  reaming 
femoral  canal  was  speculated  1 13 '.  This  theory  is  supported  by  an  animal  study,  in  which  HO  was 
successfully  induced  in  rabbits  by  surgical  reaming  of  femoral  medullary  canal  and  intentionally 
leaving  bone  debris  and  marrow  materials  in  the  wound  1 141 .  Bone  marrow  is  well-known  for 
containing  mesenchymal  stem  cells  (MSCs)  and  other  osteogenic  elements  ^1S|.  MSCs,  however, 
reside  in  almost  all  the  tissues  for  homeostasis  and  repair.  Muscle-derived  MSCs  (M-MSCs)  are 
capable  of  multi-lineage  differentiation,  including  osteogenesis  '-16, 17l  It,  therefore,  raises  a 
legitimate  question  about  the  role  of  M-MSCs  in  the  development  of  HO  18l 

The  molecular  biology  of  HO  and  fracture  healing  shares  a  common  process  of  MSC 
osteogenesis.  In  fracture  healing  or  repair  of  other  tissues,  MSCs  are  recruited  to  the  injury  site 
by  chemokines.  Stem  cell-derived  factor-1  (SDF-1)  is  one  of  the  chemokines  that  are  selectively 
up-regulated  by  ischemia  or  injury,  such  as  fracture  1 19’  20l 

CXCR4  is  the  receptor  of  SDF-1  and  is  expressed  by  stem/progenitor  cells  in  fracture 
healing  ^2I' 22, 231 .  Up-regulation  of  SDF-1  in  local  tissues  forms  a  chemokine  gradient  and  attracts 
CXCR4-expressing  stem/progenitor  cells  for  angiogenesis  and  repair  |241.  The  local  expression  of 
SDF-1  was  quantitatively  correlated  with  the  volume  of  new  bone  formation  |25l  The  SDF- 
1/CXCR4  axis  for  stem/progenitor  cell  recruitment  is  critical  for  fracture  healing  and  could  also 
play  an  important  role  in  the  development  of  HO,  which  is  resulted  from  osteogenic 
differentiation  of  M-MSCs. 

Muscle  injury  is  regarded  as  a  risk  factor  of  HO  formation  in  hip  arthroplasty  '■26l  In  the 
development  of  HO,  subtle  muscle  injuries  could  trigger  SDF-1  build-up  locally  and  MSC 
recruitment.  This  project  is  based  on  a  hypothesis  that  the  detection  of  locally  increased  SDF-1  is 
indicative  of  MSC  accumulation,  preceded  tissue  ossification  i.e.  HO  development. 

Analyses  of  clinical  data  have  long  noticed  the  potential  roles  of  bone  fracture  or 
osteotomy  and  local  muscle  injury  in  the  development  of  HO  [2].  This  study  was  designed  to 
investigate  whether  muscle  and  bone  injuries  differentially  affect  the  osteogenic  potential  of  M- 
MSCs  and  contribute  to  the  pathogenesis  of  HO.  In  reaction  to  bone  or  muscle  injury,  local 
accumulation  of  SDF-1  may  be  different.  Since  the  concentrations  of  SDF-1  correlate  with  the 
amount  of  MSC  recruitment,  it  may  serve  as  an  indicator  of  potential  HO  development  in  the 
injured  muscles.  This  study  intended  to  explore  a  correlation  between  SDF-1  accumulation  and 
HO  development,  as  implied  by  the  osteogenic  potential  of  M-MSCs. 
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This  project  aimed  to  1)  link  local  SDF-1  and  stem  cell  recruitment  with  HO 
development;  2)  distinguish  the  contribution  of  bone  and  muscle  injury  to  the  pathogenesis  of 
HO;  3)  explore  the  possibility  of  molecular  imaging  as  a  tool  for  early  diagnosis  of  HO. 

BODY: 

To  establish  an  animal  model  of  HO  and  make  molecular  probe  of  SDF-1  were  the 
priorities  of  this  project.  During  the  first  6  months  of  this  project,  we  performed  a  series  of 
experiments  to  prepare  a  fluorescent  conjugated  antibody  of  SDF-1  for  near  infrared  imaging 

(Task  1). 

1)  Selection  of  a  SDF-1  antibody  from  several  commercial  suppliers.  After  literature 
review  and  online  research,  we  chose  two  antibodies  that  react  with  rat/mouse  SDF-1 
for  further  evaluation.  They  were  rabbit  anti  SDF-1  antibody  produced  by  GeneTex 
(Cat  No  GTX45 117)  and  goat  anti  SDF-1  antibody  produced  by  Santa  Cruz 
Biotechnology  (Cat  No  SC-6193). 

2)  The  specificity  and  sensitivity  of  the 
two  antibodies  were  tested  by 
reactions  with  SDF-1  protein  in  serial 
dilutions,  using  enzyme-linked 
immunosorbent  assay  (ELISA).  The 
experiment  was  done  in  triplicate.  In 
general,  the  readings  (reaction  of 
SDF-1  protein  with  antibody)  of  the 
GeneTex  product  were  slightly  higher 
than  that  using  the  antibody  produced  by 

3)  The  specificity  and  sensitivity  of  SDF-1  antibody  produced  by  GeneTex  was  further 
tested  in  rat  serum,  which  contains  SDF-1  at  a  very  low  concentration,  with  western 
blot.  Pure  SDF-1  protein  was  used  as  a  positive  control.  A  band  in  corresponding  to 
SDF-1  protein  was  detected  in  rat  serum  with  the  SDF-1  antibody  produced  by 
GeneTex  (Figure  1). 

Based  on  the  tests  of  specificity  and  sensitivity,  SDF-1  antibody  produced  by  GeneTex 
(Cat  No  GTX45 117)  was  selected  to  make  the  molecular  probe  for  near  infrared  imaging  of 
SDF-1. 


SDF-1  protein 

Positive  control 

— —  Rat  serum 

Fig.  1  Western  blot,  usingSDF-1 
antibody  produced  by  GeneTex. 

Santa  Cruz  Biotechnology. 


We  planned  to  label  the  SDF-1  antibody  with  a  near  infrared  fluorochrome,  cypate,  made 
by  Dr.  Achilefu’s  laboratory  at  Washington  University  School  of  Medicine.  Due  to  personnel 
changes,  however,  cypate  supply  was  interrupted.  Instead,  we  decided  to  label  the  antibody  with 
a  commercially  available  near  infrared  fluorochrome — Alexa  Fluor  750  (Life  Technologies). 
This  fluorescence  is  equivalent  to  cypate  and  had  been  applied  for  animal  studies  previously  [27]. 

Alexa  Fluor  750  and  SDF-1  antibody  were  conjugated  using  a  SAIVI  Rapid  Antibody 
Labeling  Kit  (Invitrogen).  The  degree  of  labeling  (DOL),  which  was  calculated  according  to 
protein  absorbance  and  fluorescent  absorbance,  of  the  resultant  molecular  probe  of  SDF-1  was 
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2.45.  This  DOL  was  in  the  range  recommended  by  the  manufacturer.  This  result  marked  a 
Milestone  of  this  project:  SDF-1  antibody  tagged  with  near  infrared  fluorochrome. 

An  animal  protocol  for  this  study  was  approval  by  Saint  Louis  University  IACUC  and 
ACURO  (Task  2a).  According  to  the  protocol,  a  pilot  study  was  performed  using  5  rats  (Task 
2b).  The  purpose  of  this  pilot  study  was  to  familiarize  the  hip  topographic  anatomy  of  rats  and 
test  the  animal  tolerance  to  the  proposed  surgery.  A  commonly  used  HO  model  is  to  induce 
ossification  by  ischemic  muscle  injury  Under  anesthesia,  both  rat  hips  were  prepared  for 
surgery.  Gluteus  medius  was  exposed  through  an  incision  around  the  hip.  On  the  experimental 
side,  the  muscle  was  clamped  (2  steps)  with  a  pair  of  hemostatic  forceps  for  5  minutes  to  cause 
ischemic  muscle  injury.  Sham  surgery — without  ischemic  damage — was  performed  on  the 
opposite  hip  for  controls.  Tissue  ossification  was  found  at  10  weeks  by  radiography. 

The  results  of  this  pilot  study  led  us  to  reconsider  the  animal  model  for  this  study.  Rats 
were  proposed  for  the  creation  of  a  HO  model,  primarily  because  of  its  relatively  larger  body 
size  than  mice.  Surgical  dissection  of  muscles  around  the  hip  in  rats  would  be  much  easier  than 
in  mice.  After  the  pilot  study,  we  felt  that  the  surgical  dissection  of  hip  muscles  was  not  as 
challenging  as  originally  thought.  We  were  confident  that  this  muscle  injury  model  could  be 
surgically  produced  in  mice  to  test  the  original  study  hypothesis.  The  following  justification  was 
used  to  support  switching  from  rats  to  mice  for  this  study: 

1)  An  important  part  of  this  study  was  to  map  SDF-1  in  HO  models,  using  near  infrared 
imaging.  This  imaging  method  was  much  more  commonly  used  for  mice  than  rats.  The 
imaging  settings  for  mice  were  well  defined  and  the  technicians  operate  the  imaging 
instrument  were  more  familiar  with  mouse  imaging  than  imaging  other  species.  Using 
mice  for  this  study  would  avoid  a  learning  curve  in  imaging. 

2)  The  body  size  of  mice  would  not  be  a  problem  surgically  and,  in  fact,  was  a  great 
advantage  for  molecular  imaging.  Due  to  their  small  body  size,  mice  would  require 
injecting  much  less  antibody-probe  for  imaging  than  using  rats.  Using  mice,  this  project 
would  save  on  the  expense  of  molecular  probe  and  enable  us  to  test  more  conditions  in 
HO  development.  Near  infrared  imaging  had  been  used  on  the  knee  joints  of  mice 
Those  data  and  protocols  would  be  valuable  references  for  this  project. 

3)  We  planned  to  isolate  mesenchymal  stem  cells  from  the  injured  muscles.  Protocols 
were  readily  available  for  isolation  of  mesenchymal  stem  cells  from  mouse  muscles  ^30-'. 

The  PI,  Zijun  Zhang,  moved  to  MedStar  Health  Research  Institute/MedStar  Union 
Memorial  Hospital  in  September  2011.  We  used  this  opportunity  revised  the  animal  protocol  to 
use  mice  for  HO  development.  The  grant  was  transferred  from  Saint  Louis  University  to 
MedStar  Health  Research  Institute  in  April  2012  (Task  2c). 

A  revised  animal  protocol  was  approved  by  MedStar  Health  Research  Institute  IACUC 
and  the  ACURO  subsequently  (Task  2d). 
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Task  2e:  SDF-1  antibody  (GeneTex,  Cat  No  GTX45 117)  was  conjugated  with  near 
infrared  fluorochrome,  Alexa  Fluor  750  (Life  Technologies),  using  the  procedure  previously 
developed.  The  degree  of  labeling  (DOL)  of  the  resultant  molecular  probe  of  SDF-1  was  1.981, 
which  was  in  the  range  recommended  by  the  manufacturer. 

Alexa  Fluor  750-labeled  SDF-1 
antibody  (5ng/15pl)  was  injected  into  a  piece 
of  muscle  collected  from  a  mouse.  The 
antibody  injected  muscle  and  a  piece  of 
muscle  without  injection  were  placed  in  a  petri 
dish  fdled  with  phosphate  buffered  saline  and 
imaged  with  In  Vivo  Image  System.  The 
fluoresce-conjugated  SDF-1  antibody  was 
clearly  detected  (Figure  2).  This  confirmed  the 
success  of  labeling  of  SDF-1  antibody  and  the 
conditions  of  imaging. 


Bone  fracture  or  osteotomy  and  muscle 
injury  have  long  been  identified  as  risk  factors 
of  FIO  |21.  In  this  study  ischemic  injury  of 
gluteus  maximus  and  medius,  and  osteotomy 
of  great  trochanter  of  femur  were  applied 
separately  or  in  combination  to  mice. 

A  total  of  75  C57BL/6  mice  (Charles  River),  male,  8  weeks  old,  were  used  for  this  study. 
Animal  surgery  and  care  were  conducted  at  the  animal  facilities  of  MedStar  Health  Research 
Institute.  The  mice  were  anesthetized  with  intraperitoneal  injection  of  a  cocktail  (Ketamine 
80mg/kg  and  Xylazine  lOmg/kg).  After  skin  preparation,  an  incision  about  2  cm  was  made  over 
the  right  hip  to  expose  gluteus  maximus  and  medius.  Each  animal  was  randomly  to  receive  one 
of  three  surgical  procedures: 

1)  Muscle  injury  (Group  M):  The  gluteus  maximus  and  gluteus  medius  were  gently 
dissected  about  5  mm  from  great  trochanter.  Two  pairs  of  hemostatic  forceps 
were  used  to  pinch  the  muscles  in  parallel  (2-3  mm  apart).  To  be  consistent  in 
muscle  damage,  the  hemostatic  forceps  were  clamped  two  steps  at  the  same  time 
for  5  minutes. 

2)  Osteotomy  (Group  O):  A  powered  bur  was  used  to  cut  the  great  trochanter  from 
the  junction  with  femoral  shaft.  The  great  trochanter  was  then  loosely  reattached 
with  a  stitch  (Vicryl  5.0). 

3)  Muscle  injury  and  osteotomy  (Group  M+O):  After  muscle  injury  of  gluteus 
maximus  and  gluteus  medius  was  perfonned  as  previously  described,  osteotomy 
of  great  trochanter  was  conducted  as  mentioned  in  group  O. 

The  wound  was  closed  with  continuous  subcutaneous  sutures.  The  animals  were  returned 
to  cages  without  immobilization.  Animals  were  allowed  to  use  the  operated  extremity  ad  lib. 


Fig  2.  Testing  Alexa  Fluor  750  conjugated  SDF-1 
antibody.  The  antibody  injected  into  muscles 
was  detected  by  near  infrared  imaging  (red). 
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Post-surgery  analgesia  and  antibiotics  were  given  for  the  first  3  and  7  days,  respectively.  In  each 
study  group,  3-8  mice  were  sacrificed  at  days  1,  3,  5  and  10  (see  Table  1  for  animal  distribution). 


Table  1.  Animal  distribution  in  groups  and  the  time-points  of  sacrifice 


M  group 

O  group 

M+O  group 

Dayl 

5 

5 

5 

Day3 

7(3) 

8(3) 

8(3) 

Day5 

6(3) 

6(3) 

3(3) 

DaylO 

3(3) 

3(3) 

3(3) 

Note:  number  of  animals  imaged  in  bracket. 


On  the  day  of  sacrifice,  three  mice  in  each  study  group  at  days  3,5,  and  10  were  injected 
with  10  pg  SDF-1  antibody  conjugated  with  Alexa  Fluor  750  in  150  pi  saline,  via  tail  vein.  Mice 
were  sacrificed  in  four  hours  after  injections  of  SDF-1  antibody. 

The  gluteus  maximus  and  medius  on  the  operated  hips  were  dissected  with  aseptic 
techniques  and  placed  individually  in  6-well  plates,  covered  with  phosphate  buffered  saline.  The 
dissected  muscles  were  imaged  at  Molecular  Imaging  Laboratory,  Howard  University,  directed 
by  Dr.  Paul  Wang.  The  intensity  of  near  infrared  imaging  was  calculated  for  comparisons  among 
the  groups.  This  was  a  study  Milestone:  imaging  SDF-1  distribution  in  HO. 

Task  2f:  After  imaging,  the  muscle  samples  were  minced  and  digested  in  1%  collagenase 
(type  I,  Life  Technologies),  as  described  by  Nesti  et  al.  [30’ 31],  for  M-MSC  isolation.  The 
collected  cells  were  plated  at  a  density  of  3,000  cells/cm-  and  cultured  with  Dulbecco’s  Modified 
Eagle  Medium  (DMEM,  Life  Technologies),  supplemented  with  10%  fetal  bovine  serum,  with 
5%  carbon  dioxide  in  the  air  at  37°C.  The  cells  were  passaged  at  70%  confluent  and  used  at 
passage  3  for  this  study. 

1)  Flow  cytometry:  M-MSCs  isolated  from  gluteus  maximus  and  gluteus  medius  in  M, 

O  and  M+O  groups  at  day  10  were  incubated  with  fluorescence-labeled  antibodies  of 
CD73,  CD90  and  CD105.  According  to  the  recommendation  of  International  Society 
for  Cellular  Therapy,  CD73,  CD90  and  CD105  are  the  common  MSC  cell  surface 
markers  '32^.  Flow  cytometry  was  also  performed  on  myogenic  progenitor  marker 
CD56  1331  and  muscle-derived  MSC  marker  CD140  (platelet-derived  growth  factor 
receptor  alpha  PDGFRa)  ' 34 1 .  The  data  were  analyzed  with  Flow-Jo. 

2)  Osteogenic  differentiation  of  M-MSCs:  At  passage  3,  M-MSCs  were  plated  in  48- 
well  culture  plates  and  cultured  in  an  osteogenic  medium,  which  was  based  on 
DMEM  and  supplemented  with  10%  fetal  bovine  serum,  10  mM  P-glycerophosphate, 
100  nM  dexamethasone,  and  50ug/ml  ascorbate,  for  3  weeks.  M-MSCs  were  also 
cultured  in  regular  tissue  culture  medium  for  experimental  controls.  In  each  group 
and  at  each  time  point,  M-MSCs  from  3  animals  were  plated.  M-MSCs  from  the  same 
animal  were  plated  in  duplicate  (see  Figure  7  for  plate  layout).  The  medium  was 
changed  twice  a  week.  After  3  weeks,  a  portion  of  the  cultures  were  fixed  with  4% 
parafonnaldehyde  and  stained  with  Alizarin  red.  The  staining  was  viewed  under  a 
microscope  and  imaged. 

Osteogenesis  of  M-MSCs  was  also  quantified,  according  to  Alizarin  red  stain  of 
matrix  mineralization  (Millipore).  Briefly,  after  Alizarin  red  staining,  10%  acetic  acid 
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was  added  into  each  well  of  tissue  culture  plates  and  incubated  for  30  minutes.  Cells 
and  acetic  acid  were  collected  and  heated  to  85°C  for  10  minutes.  After  cooled  on  ice 
for  5  minutes,  the  slurry  was  centrifuged  at  20,000g  for  15  minutes.  The  supernatant 
(400  pi)  was  transferred  to  a  new  tube  and  neutralized  the  pH  within  the  range  of  4. 1  - 
4.5.  Samples  (150  pi)  and  standards  were  added  to  an  opaque- walled,  transparent 
bottom  96-well  plate  and  read  at  OD405  with  a  microplate  reader. 

3)  Quantification  of  the  expression  of  osteogenic  genes  with  real-time  PCR  (polymerase 
chain  reaction):  M-MSCs,  cultured  in  osteogenic  and  control  medium,  were  collected 
for  RNA  isolation.  RNA  was  extracted  using  the  TRIzol  method.  Using  the  iScript™ 
Reverse  Transcription  Supennix  for  RT-qPCR  (Bio-Rad  Laboratories),  2.5  pg  of  total 
RNA  was  reverse-transcribed  and  the  products  of  reverse-transcription  were  treated 
with  RNase  H  before  storage  at  -20°C.  Real-time  PCR  was  perfonned  on  a  CFX 
Connect™  Real-Time  PCR  Detection  System  (Bio-Rad  Laboratories).  Using  Sybr® 
green  PCR  Master  Mix  reagents  (Bio-Rad  Laboratories),  each  reaction  mixture 
consisted  of  12.5  pi  SYBR  green  PCR  reagent,  2.5  pi  of  1:50  diluted  reverse 
transcription  product,  optimized  volume  of  5  mM  primers  and  DEPC-treated  water, 
for  a  total  volume  of  25  pi.  No-template  and  no-reverse  transcription  reactions  were 
included  in  each  PCR  plate  as  negative  controls.  The  housekeeping  gene  18s  was 
used  as  an  internal  standard  in  each  PCR  plate.  After  10  minutes  at  95°C,  the  PCR 
amplification  was  performed  for  40  cycles;  each  cycle  consisted  of  amplification  at 
95°C  for  50  seconds  and  65°C  for  30  seconds.  Amplification  efficiency  of  >  90%  was 
required  for  further  processing  of  the  data.  Each  reaction  was  performed  in  triplicate. 
The  cycle  at  which  the  fluorescent  level  was  statistically  above  the  background  was 
defined  as  the  threshold  cycle  (Ct).  The  Ct  values  of  the  gene  under  investigation 
were  first  nonnalized,  as  ACt,  by  subtraction  of  the  Ct  value  of  18s.  The  relative 
expression  of  the  gene  under  investigation  (AACt)  was  a  subtraction  of  the  ACt  of  this 
gene  in  M-MSCs  cultured  in  an  osteogenic  medium  from  that  in  the  control  medium. 
Quantified  expression  of  the  gene  was  calculated  as  2"AACt.  Osteogenic  genes  included 
type  I  collagen,  osteocalcin  and  Runx2.  Primers  were  supplied  by  Integrated  DNA 
Technologies,  Coralville,  IA. 

Statistical  analysis:  Data  of  near  infrared  imaging,  flow  cytometry,  Alizarin  red 
quantification  and  quantitative  PCR  expressed  as  mean  ±  standard  deviation.  The  cell  surface 
marker  expression  and  osteogenic  capacities  of  M-MSCs  among  M,  O  and  M+O  groups,  at 
different  time-points,  were  comparatively  analyzed  with  ANOVA,  followed  with  post  hoc 
Tukey’s  test.  Significance  was  set  as  p<0.05. 

Results: 

1)  Near  infrared  imaging  of  gluteus  maximus  and  medius: 

Some  groups  of  muscle  samples  showed  weak  fluorescent  signals,  most  likely  due  to 
leakage  of  intravenously  injected  antibody.  No  significant  differences  in  average  fluorescent 
intensity  of  gluteus  maximus  and  medius  were  detected  among  the  M,  O  and  M+O  groups  (p  > 
0.05).  Figure  3  A  shows  images  of  muscle  samples  harvested  from  the  mice  of  experimental 
groups  M,  O  and  M+O  at  3  days  post  surgery.  The  fluorescence  appeared  unifonnly  through  the 
entire  muscle  mass.  The  fluorescent  areas  and  intensities  among  the  three  groups  were  not 
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significantly  different.  Muscles  in  the  O  group  were  not  injured  during  the  surgery  and  had 
reduced  fluorescent  densities,  comparing  with  the  M  and  M+O  groups.  However,  the  difference 
was  not  significant  (p>0.05,  Fig  3B). 


Figure  3.  Near  infrared  images  (A)  and  quantified  intensity  (B)  of  gluteus  maximus  and 
medius  taken  from  the  mice  of  experimental  groups  M,  0,  and  M+O  at  day  3 


2)  Cell  surface  marker  profiles  of  M-MSCs  from  M,  O  and  M+O  groups: 

The  percentages  of  the  expression  of  cell  surface  markers  in  M-MSC  populations  are 
listed  in  Table  2.  In  general,  M-MSCs  isolated  from  M,  O  and  M+O  groups  (day  10)  had  similar 
expressions  profiles  of  common  MSC  surface  markers,  except  the  expression  of  CD90  was  lower 
in  the  O  and  M+O  groups  than  in  the  M  group. 


Table  2.  Expression  of  cell  surface  markers  by  M-MSCs  from  M,  0,  and  M+O  groups 


MdlO 

OdlO 

M+OdlO 

CD  73 

84.1 

77.9 

84.8 

CD90 

70.5 

28.9 

25.7 

CD  105 

83.1 

84.0 

92.8 

CD56 

81.5 

54.6 

35.0 

CD  140 

48.3 

84.8 

91.4 

CD56,  representing  myogenic 
progenitors,  was  highly  expressed  in  M- 
MSCs  isolated  from  M  group  (day  10),  as 
compared  with  O  and  M+O  groups  (day 
10)  (p<0.05). 

CD  140,  also  known  as  platelet- 
derived  growth  factor  receptor  a 
(PDGFRa),  is  a  specific  marker  of  muscle 
derived  MSCs.  Among  the  three 
experimental  groups,  CD  140  was 
expressed  the  highest  in  M-MSCs  of  the 
M+O  group,  followed  by  the  O  group  and 
M  group  (p<0.05).  Expression  of  each  CD 
marker  by  the  three  groups  of  M-MSCs  is 
also  shown  in  graph  (Figure  4). 
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3)  The  expression  of  osteogenic  genes  by  M-MSCs  in  M,  O  and  M+O  groups: 

For  M-MSCs  harvested  on  1  day  post  surgery,  gene  expression  of  type  I  collagen, 
osteocalcin  and  Runx2  was  not  significantly  different  among  M,  O  and  M+O  groups  (Figure  5). 
In  O  group,  M-MSCs  that  harvested  on  days  3,  5  and  10  moderately  increased  the  expression  of 
type  I  collagen  over  the  time,  comparing  with  the  corresponding  time-points  in  M  group.  Other 
osteogenic  genes  such  as  Runx2  and  osteocalcin,  however,  were  not  up-regulated  in  the  M- 
MSCs  of  both  O  and  M  groups.  Notably,  the  expression  of  type  I  collagen,  Runx2  and 
osteocalcin  by  M-MSCs  of  M+O  group  harvested  on  days  3,  5  and  10  was  significantly 
increased,  compared  with  the  corresponding  ones  in  M  and  O  groups.  Furthermore,  the 
expression  of  type  I  collagen,  Runx2  and  osteocalcin  by  M-MSCs  of  M+O  group  gradually 
increased  over  the  harvesting  time  from  day  1  to  day  10. 


4)  Osteogenesis  of  M-MSCs  in  M,  O  and  M+O  groups: 

After  cultured  in  an  osteogenic  medium  for  3  weeks,  M-MSCs  derived  from  gluteus 
maximus  and  medius  in  the  groups  of  M,  O  and  M+O  at  days  1,  3,  5,  and  10  showed  varied 


M  0  M+O 


MSCs  in  osteogenic  cultures  (Alizarin  red 
staining) 


osteogenic  control 


m  o  m+o  m  o  m+o 


Fig 7.  M-MSCs  isolated  from  M,  0,  and  M+O  groups  at  different 
time-points  cultured  in  osteogenic  medium  and  control 
(regular)  medium  for  3  weeks.  After  stained  with  Alizarin  Red, 
osteogenic  differentiation  of  M-MSCs  was  detected,  showing  in 
red,  in  osteogenic,  but  not  control,  cultures. 


degrees  of  osteogenesis.  Figure  6  shows 
representing  areas  stained  with  Alizarin 
red  in  each  group.  View  of  the  tissue 
culture  plates  also  demonstrated  various 
degrees  of  osteogenic  differentiation — 
stained  red  with  Alizarin  Red —  of  those 
M-MSCs  in  the  osteogenic  cultures, 
while  those  cells  cultured  in  control 
(regular)  medium  were  only  faintly 
stained  (Figure  7). 

Quantification  of  Alizarin  Red 
staining  in  the  osteogenic  cultures 
confirmed  a  significant  increase  of 
osteogenic  differentiation  by  the  M- 
MSCs  of  O  and  O+M  groups  harvested 
at  day  10  (Figure  8). 

KEY  RESEARCH  ACCOMPLISHMENTS: 

1)  Synthesis  of  molecular  probe  of  SDF-1 . 

2)  Near  infrared  imaging  of  muscles  de  novo. 

3)  Animal  surgery  of  muscle  injury  and  osteotomy. 

4)  Isolation  and  characterization  of  M-MSCs  isolated  from  M,  O  and  M+O  groups. 

5)  Evaluation  of  the  osteogenic  potential  of  M-MSCs  in  M,  O  and  M+O  groups. 

REPORTABLE  OUTCOMES: 

1)  Established  a  protocol  of  SDF-1  antibody  labeling  and  near  infrared  imaging  of  injured 
muscles  de  novo. 

2)  Mouse  models  of  muscle  injury  and  osteotomy  around  hip  for  studying  HO. 

3)  In  this  animal  study,  molecular  imaging  of  SDF-1  showed  no  difference  among  M,  O  and 
M+O  groups. 

4)  M-MSCs  isolated  from  M,  O  and  M+O  groups  showed  differences  in  cell  surface  marker 
profile  and  osteogenic  differentiation. 

5)  The  increased  osteogenesis  by  M-MSCs  isolated  from  M+O  group  at  day  10  was 
consistently  supported  by  the  expression  of  osteogenic  genes  and  alizarin  red  staining  in 
osteogenic  cultures.  It  also  coincided  with  an  increased  subpopulation  of  CD  140  (a 
marker  of  muscle-derive  MSCs)  positive  cells  and  a  reduced  subpopulation  of  CD56  (a 
marker  of  myogenic  progenitors)  positive  cells  in  the  M-MSCs  of  M+O  group  (day  10). 

CONCLUSION: 

We  successfully  executed  the  three  phases  of  the  project:  1)  imaging  SDF-1  in  the 
muscles;  2)  creation  of  mouse  HO  models  with  muscle  injury,  osteotomy,  and  combined  muscle 
injury  and  osteotomy;  3)  investigation  of  osteogenic  potential  of  M-MSCs  in  three  animal 
models. 

We  proved  the  concept  of  molecular  imaging  of  SDF-1  in  injured  muscles.  In  this  study, 
we  detected  no  differences  in  SDF-1  imaging  of  gluteus  maximus  and  medius  among  the  M,  O 
and  M+O  groups.  It  could  be,  however,  due  to  close  proximity  of  the  injured  muscles  and  the 


Quantification  of  Osteogenic  Differentiation 
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Fig  8.  Quantification  of  Alizarin  Red  staining  of  osteogenic 
differentiated  M-MSCs  by  spectrophotometry.  OdlO  and 
M+OdlO  had  significantly  increased  osteogenic  differentiation, 
compared  with  MdlO. 


9 


osteotomy  sites  in  mice.  A  good  separation  of  the  injured  muscles  and  osteotomy  sites  with 
microsurgical  techniques,  which  are  more  precise  and  less  invasive  than  the  surgical  techniques 
used  in  this  study,  may  help  better  localization  of  SDF-1  on  near  infrared  images.  We  still 
believe  that  molecular  imaging  could  not  only  reveal  the  fundamental  pathology  of  HO  but  also 
be  translated  to  the  clinic  for  early  detection  of  HO. 

We  performed  surgery  on  mice  for  M,  O  and  M+O  models.  The  animal  study  provided 
unique  insight  of  the  pathogenesis  of  HO,  specifically  the  effects  of  muscle  and  bone  injury.  The 
subsequent  analyses  of  M-MSCs  derived  from  M,  O  and  M+O  groups  demonstrated  that  muscle 
injury,  osteotomy  and  the  combination  of  the  two  differentially  influenced  the  osteogenic 
potential  of  M-MSCs. 

M-MSCs  isolated  in  this  study,  like  MSC  populations  in  any  other  studies,  were 
heterogenic.  By  characterization  of  the  expression  profile  of  cell  surface  markers,  we 
demonstrated  that  M-MSCs  derived  from  M,  O  and  M+O  groups  consisted  of  varied 
subpopulations,  which  may  directly  relate  to  osteogenic  potential  and  the  development  of  HO. 
Among  the  three  surgical  models,  the  M-MSCs  isolated  from  the  M  group  contained  more 
myogenic  progenitors  and  the  M-MSCs  in  the  O  and  M+O  groups  had  more  muscle-derived 
MSCs.  Expression  of  osteogenic  genes  by  M-MSCs  in  osteogenic  culture  was  significantly 
increased  in  M+O  groups,  particularly  at  day  10.  Measurements  of  matrix  mineralization 
indicated  that  M-MSCs  of  the  O  and  M+O  groups  (day  10)  had  increased  osteogenic 
differentiation.  Collectively,  the  data  suggest  that  muscle  injury  alone  does  not  increase  the 
osteogenic  potential  of  M-MSCs,  possibly  due  to  a  higher  percentage  of  myogenic  progenitors  in 
total  M-MSC  population.  On  the  other  hand,  bone  injury  (osteotomy)  alone  or  in  combination 
with  muscle  injury  increased  the  proportion  of  muscle-derived  MSCs  in  the  total  population  of 
M-MSCs  and  the  osteogenic  potential  of  M-MSCs.  This  is  consistent  with  a  recently  published 
study,  in  which  muscle  injury  alone  failed  to  induce  HO  [35].  But  muscle  injury  and  the 
application  of  a  low  dose  of  BMP-2  (bone  morphogenetic  protein-2),  which  could  not  induce 
ossification  alone,  induced  robust  HO.  In  our  models,  osteotomy  and  the  followed  bone  healing 
process  might  have  created  a  critical  environment  for  HO  development,  including  increased 
osteogenic  growth  factors  such  as  BMP  in  the  surrounding  tissues — gluteus  maximus  and  medius 
in  this  study.  Muscle  injury  might  have  initiated  recruitment  of  MSCs.  M+O  model  could 
delivered  a  combination  of  enhanced  MSC  recruitment  to  the  injured  muscles  and  active 
osteogenic  environment  in  the  injured  muscles— a  condition  in  favor  of  HO  fonnation. 

Limitation  of  this  study:  This  study  was  focused  on  the  early  molecular  events  of  HO 
development.  Although  osteogenic  differentiation  of  M-MSCs  is  the  fundamental  cellular 
pathway  of  HO,  there  are  other  pathological  events  involve  in  the  formation  of  HO  in  soft 
tissues,  such  as  muscles.  Findings  of  this  study  such  as  differences  in  proportions  of  myogenic 
progenitors  and  muscle-derived  MSCs  in  the  entire  population  of  M-MSCs  in  M,  O,  and  M+O 
groups  may  hold  a  key  of  HO  pathogenesis.  This  study,  however,  was  limited  to  offer  further 
causative  explanation  on  this  phenomenon.  Advantages  of  animal  models  include  providing 
well-controlled  experimental  conditions.  Rodents,  however,  are  superior  to  human  in  terms  of 
bone  fonnation.  These  factors  should  take  into  consideration  in  interpreting  the  results  of  this 
study. 

Future  study:  The  discrepancies  of  osteogenic  potential  in  M-MSCs  derived  from  M,  O 
and  M+O  surgical  models  will  guide  further  investigations  into  the  effects  of  muscle  and  bone 
injury  on  osteogenic  tissue  environment.  The  expression  of  osteogenic  growth  factors  such  as 
BMP  and  TGFP  in  the  muscles  of  M,  O  and  M+O  models  will  provide  critical  infonnation  about 
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the  involvement  of  bone  and  muscle  injury  in  the  development  of  HO.  The  altered  proportions  of 
myogenic  progenitors  and  muscle-derived  MSCs  in  the  M-MSCs  of  M,  O  and  M+O  groups  will 
lead  to  further  examinations  of  the  subpopulations  of  M-MSCs  in  detail,  to  advance  our 
understanding  of  M-MSCs  in  HO. 
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